related PDZ domain-containing proteins may be retogether (PDZ 4-6), and 7 alone (PDZ 7). Positive clones were isolated and confirmed by back-transformation quired for synaptic targeting (Dong et al., 1997). However, the molecular mechanisms underlying the regulainto yeast. Using PDZ domains 1-3, we obtained three novel genes, designated GRASP-2, -3, and -4 ( Table 1) . tion of AMPA receptor function by GRIP remain unclear.
To address the regulation of AMPA receptor localizaUsing PDZ domains 4-6, we obtained seven genes that fall into three distinct classes of PDZ ligands. The first tion, we set out to identify proteins in the GRIP/AMPA receptor complex. We performed yeast two-hybrid class of GRASPs contained type I PDZ domain ligand motifs (T/SXV) at the C terminus of the interacting proscreens using different PDZ domains of GRIP1 and isolated multiple cDNAs encoding GRIP-associated proteins (Songyang et al., 1997) and included the huntingtinassociated protein HAP1-A (Li et al., 1995) . The second teins (GRASPs). Here, we characterize the GRIP1-associated protein, GRASP-1, which specifically interacts class of proteins contained type II T/SXV motifs (φXφ, where φ is a hydrophobic amino acid) (Songyang et al., with the seventh PDZ domain of GRIP. GRASP-1 is a neuron-specific guanine nucleotide exchange factor 1997) and included Numb-like (Zhong et al., 1997), P140 (gene accession number AF040944), G2 (gene acces-(GEF) for the ras family of the small G proteins and is associated with the GRIP/AMPA receptor complex in sion number U10991, and two novel genes (GRASP-5 and -6). The third class of GRASP, isolated over ten brain. Overexpression of GRASP-1 dramatically inhibits AMPA receptor synaptic targeting in cultured neurons.
times, was GRIP1 itself, confirming that GRIP1 associates with itself most likely through a PDZ-PDZ interacMoreover, we found that the distribution of both GRASP-1 and AMPA receptors is rapidly regulated by tion (Srivastava et al., 1998; Dong et al., 1999) . Finally, using the last PDZ domain (PDZ 7) of GRIP1 as bait, NMDA receptor activity. These results suggest that GRASP-1 signaling may be involved in the regulation which is alternatively spliced in GRIP2/ABP gene (Srivastava et al., 1998; Dong et al., 1999), we identified a of neuronal ras signaling and AMPA receptor synaptic targeting.
novel gene designated GRASP-1, which will be the focus of this paper.
Results

Molecular Cloning of GRASP-1 and Examination of Its Interaction with GRIP1 Isolation of GRASPs
The yeast two-hybrid system was employed to screen
The seventh PDZ domain of GRIP1 was used as bait to screen two rat hippocampal cDNA yeast two-hybrid for molecules that interact with the various PDZ domains of GRIP1 ( Figure 1A) . A hippocampal cDNA library was libraries. Approximately 3.1 ϫ 10 6 clones in a randomprimed library and 3.0 ϫ 10 6 clones in an oligo-dTindependently screened with constructs containing the PDZ domains 1, 2, and 3 together (PDZ 1-3), 4, 5, and 6 primed library were screened. Eight and twenty-four positives, respectively, were isolated from the two librarMyc-GRASP-1 only, or an empty vector were used as ies, and all of them encoded the same gene, designated negative controls. Since QT-6 cells do not express en-GRASP-1. To obtain the full-length gene encoding dogenous AMPA receptor, this result also suggested GRASP-1, a CapFinder rat hippocampal cDNA library that the interaction between GRASP-1 and GRIP1 does and an oligo-dT-primed rat hippocampal cDNA ZAP not require AMPA receptors. GRASP-1 was also found library were screened with the SalI/SacI fragment (about to associate with GRIP2 using similar coimmunoprecipi-300 bp) of yeast clone D7-D-12 (the last 1.4 kb of the tation experiments from transfected HEK293 cells (Figwhole cDNA) as a probe. The longest clone obtained ure 2B). from the dT-primed library was ‫8.2ف‬ kb. More than ten clones of ‫3ف‬ kb were obtained from the CapFinder library. The GRASP-1 cDNA encoded an 838 amino acid
Generation of GRASP-1 Antibodies protein (Figure 1B). Two splicing isoforms were ob-
To analyze the GRASP-1 protein, we generated an antiserved. The full-length sequence of GRASP-1 was conbody against a fusion protein containing the C-terminal firmed by comparing the size of in vitro-translated and PDZ (anti-GP1-PDZ) and an antibody against a peptide heterologously expressed proteins with the endogenous containing the C-terminal 18 amino acids (anti-GP1-protein in brain (data not shown). Sequence analysis Pep). Both of these antibodies recognized a major prorevealed that GRASP-1 has a rasGEF catalytic domain, tein in brain lysates at 110 kDa and a minor protein a potential caspase-3 cleavage site, a region weakly around 30 kDa ( Figure 2C ). Antibody recognition of both homologous to the ras binding domain (RBD) of ralGDS the 110 kDa and the 30 kDa proteins was blocked when (Hofer et al., 1994; Spaargaren and Bischoff, 1994), and the antibodies were preincubated with antigen (data not a PDZ domain ( Figure 1C ). This overall domain structure shown). The 30 kDa protein is a caspase-3 proteolytic is similar to ralGDS, which contains an N-terminal GEF product of the full-length protein (see below). catalytic domain and a C-terminal regulatory domain (Hofer et al., 1994; Spaargaren and Bischoff, 1994 Figure  SAP102 , immunoprecipitated GRASP-1 from cultured 2A). These experiments demonstrated that the last 100 neuron lysates, suggesting that GRIP1 and GRASP-1 amino acids encoding the PDZ domain were required interact in neurons. GRIP1 contains seven PDZ domains, and sufficient for the interaction, suggesting that the which have been proposed to serve as adaptor modules interaction between GRASP-1 and GRIP1 is most likely to link AMPA receptors to other neuronal proteins (Dong mediated through a PDZ-PDZ interaction similar to the et al., 1997). To explore whether GRASP-1 forms a compreviously described interaction between PSD-95 and plex with GRIP1 and AMPA receptors in vivo, the interac-NOS (Brenman et al., 1996). To further confirm the tion of these three proteins in solubilized brain plasma GRIP1-GRASP-1 association, we analyzed the interacmembrane extracts was analyzed using coimmunopretion of GRIP1 and GRASP-1 in transfected fibroblasts. cipitation techniques. Isolation of AMPA receptors from QT-6 cells were cotransfected with a Myc-tagged brain lysates using a GluR2 monoclonal antibody coim-GRASP-1 construct with a full-length GRIP1 cDNA, and munoprecipitated GRASP-1, together with GRIP1 ( Fig Figure 3B ). This result confirms that GRASP-1 has rasGEF activity.
product of the 110 kDa full-length protein, we incubated The specificity of the staining was confirmed by both To further investigate the cellular distribution of blocking with the antigen (data not shown) and the high GRASP-1, immunohistochemistry was performed with degree of colocalization of the punctate staining by antithe GP1-PDZ fusion protein antibody ( Figure 5C ).
GP1-PDZ and anti-GP1-Pep, two different antibodies against GRASP-1 (Figures 6Ba and 6Bb ). GRASP-1 was specifically expressed in neurons in the To examine whether GRASP-1 was distributed to synbeen implicated in the synaptic localization of AMPA receptors. To explore the possibility that GRASP-1 reguapses, the cultured neurons were triple-labeled with antibodies against GRASP-1, GRIP1, and synaptophysin, lates AMPA receptor distribution, we overexpressed a Myc-tagged full-length GRASP-1 in primary neuronal a marker for synapses. A subset of the GRASP-1 puncta colocalized with GRIP1 and synaptophysin, suggesting cultures. Low-density hippocampal neurons were transfected at 3-5 days in vitro with constructs containing GRASP-1 and GRIP1 can be colocalized at synapses ( Figure 6C ). To further investigate the subcellular distrieither Myc-GRASP-1 or GFP. The transfected coverslips were cultured for another 9-11 days and then labeled bution of GRASP-1, we performed biochemical subcellular fractionation of rat brain lysate. GRASP-1 (110 kDa) with a polyclonal antibody against GluR1 or NR1 (Liao et al., 1999). The neurons that were transfected with was distributed in every fraction examined with a modest enrichment in the PSD1 fraction as well as in the Myc-GRASP-1 were identified by double labeling the neurons with a Myc staining, while the neurons transcytosol (S2) ( Figure 5D ). Neither 0.5% Triton X-100 nor 3% sarcosyl solubilized the GRASP-1 in the PSD fracfected with GFP were detected with GFP fluorescence. Strikingly, we observed that overexpression of Myction. Interestingly, the 30 kDa GRASP-1 caspase-3 cleavage product was enriched in cytosolic fractions GRASP-1 in neurons dramatically reduced the number of synaptic AMPA receptor clusters ( Figures 7A and 7C ) (S2 and SC) but not the PSD fraction and was readily solubilized by 3% sarcosyl ( Figure 5D ). The distribution compared to cells overexpressing GFP or untransfected cells on the same coverslip ( Figures 7B and 7C ). In conof GRASP-1 is distinct from soluble protein lactate dehydrogenase (LDH) and the synaptic GluR2/3 subunit (Figtrast, tion of the AMPA receptors, the glutamate-induced rewhether GRASP-1 may be involved in this process, we distribution of GRASP-1 was blocked by APV, while CNQX activated glutamate receptors in high-density cultured had no effect (Figures 9Bc and 9Bd) . These results, cortical neurons (embryonic day 17, 3 weeks in vitro) with 40 M glutamate for 5 min and then stained for combined with the GRASP-1 overexpression data pre- sented above, suggest that GRASP-1 may be important differentiation, and transformation. However, recent studies have shown that ras signaling is critical for in the regulation of AMPA receptor synaptic targeting.
NMDA-dependent synaptic plasticity in the brain. NMDA receptor activation leads to the activation of ras and the Discussion MAPK kinase pathway (Yun et al., 1998). Moreover, using genetically engineered mice several laboratories have GRIP1 and -2 are multi-PDZ domain-containing prosuggested that distinct ras signaling molecules may be teins that appear to serve as adaptor proteins to link critical for synaptic plasticity in several different brain AMPA receptors to other neuronal proteins through the regions (Orban et al., 1999). Mice deficient in rasGRF, interaction of its PDZ domains with specific protein lia neuronal GEF for ras, exhibit impaired amygdala LTP gands. In this study we describe the isolation of several and impaired fear conditioning, a form of amygdalaproteins that specifically interact with distinct PDZ dodependent learning (Brambilla et al., 1997). In contrast, mains in GRIP. We characterize one of these proteins hippocampal CA1 LTP and spatial learning appeared in detail and report that GRASP-1 is a novel protein that normal in these mice, suggesting that rasGRF is specifiinteracts with PDZ 7 of GRIP1 and -2 and is associated cally involved in synaptic plasticity in the amygdala. with AMPA receptors and GRIP1 in vivo in rat brain.
However, heterozygous mice with targeted deletions in GRASP-1 is a neuronal specific rasGEF that is a member the NF1 gene, a rasGAP gene, have been shown to have of a novel rasGEF family. GRASP-1 has a complex dodefects in spatial learning (Silva et al., 1997), suggesting main structure that has some similarities to the ralGDS that hippocampal synaptic plasticity also requires the family of rasGEFs (Albright et al. 
